Neural stem cells (NSCs) have been proposed as tools for treating neurodegeneration because of their capacity to give rise to cell types appropriate to the structure in which they are grafted. In the present work, we explore the ability of NSCs to stably express transgenes and locally deliver soluble molecules with neuroprotective activity, such as glial cell line-derived neurotrophic factor (GDNF). NSCs engineered to release GDNF engrafted well in the host striatum, integrated and gave rise to neurons, astrocytes, and oligodendrocytes, and maintained stable high levels of GDNF expression for at least 4 months. The therapeutic potential of intrastriatal GDNF-NSCs grafts was tested in a mouse 6-hydroxydopamine model of Parkinson's disease. We found that GDNF-NSCs prevented the degeneration of dopaminergic neurons in the substantia nigra and reduced behavioral impairment in these animals. Thus, our results demonstrate that NSCs efficiently express therapeutic levels of GDNF in vivo, suggesting a use for NSCs engineered to release neuroprotective molecules in the treatment of neurodegenerative disorders, including Parkinson's disease.
Neurodegenerative disorders are characterized by a progressive and specific loss of neurons. In human Parkinson's disease (PD), the second most common neurodegenerative disorder, clinical symptoms appear after 50 -60% neuronal loss has occurred in the substantia nigra (McGeer et al., 1988) . It is this decrease in neuronal number, and the associated massive (80%) depletion of striatal dopamine levels (Bernheimer et al., 1973) , that produces the characteristic tremor, rigidity, and hypokinesia of the disorder (Carlsson, 1993; Hornykiewicz, 1993) . Current treatment strategies for PD focus on restoring the depletion of dopamine, generally through the administration of the dopamine precursor L-DOPA. However, because this treatment does not address the cause of the disorder or the progressive death of dopaminergic neurons, such therapy is destined to provide only temporary relief of symptoms (Olanow and Tatton, 1999) .
In recent years, several therapeutic strategies have been proposed that directly address cell loss in neurodegenerative diseases (Dunnett and Björklund, 1999) . Two of the most promising are the direct replacement of dead or damaged neurons via transplantation of dopamine neurons and the prevention of neuronal death with neurotrophic molecules. Intrastriatal (caudate putamen) grafting of embryonic mesencephalic tissue has been found to efficiently restore dopaminergic function in PD patients (Olanow et al., 1996; Kordower et al., 1998; Lindvall, 1999; Piccini et al., 1999) . More recently, embryonic mesencephalic progenitors (Ling et al., 1998; Studer et al., 1998 Studer et al., , 2000 , neural stem cells (NSCs) (Carpenter et al., 1999; Daadi and Weiss, 1999; Ostenfeld et al., 2000) , engineered NSCs to differentiate in a coordinated manner into dopaminergic neurons and embryonic stem cells (Kawasaki et al., 2000; Lee et al., 2000) , have been proposed as therapeutic tools in dopamine cell replacement for PD. However, these strategies still face difficulties regarding their large-scale implementation, in part because of the poor survival of dopamine cells (Björklund and Lindvall, 2000) . Thus, both cell replacement and neuroprotective strategies for PD could benefit from progress in the application of neuroprotective molecules to enhance the survival of grafted and/or endogenous dopaminergic neurons.
Strategies using neurotrophic molecules focus on preventing the progressive loss of neurons, maintaining neuronal connections and function (neuroprotection), and inducing additional regenerative responses in neurons such as increased neurotransmitter turnover and/or axonal sprouting (neuroregeneration). Up to date, several therapeutic strategies to deliver neurotrophic factors in animal models of Parkinson's disease have been explored. These include the infusion of protein (Beck et al., 1995; Boewencamp et al., 1995; Kearns and Gash, 1995; Sauer et al., 1995; Tomac et al., 1995; Gash et al., 1996) , the implantation of polymer encapsulated cells (Lindner et al., 1995) , the injection of viruses (Choi-Lundberg et al., 1997; Mandel et al., 1997 Mandel et al., , 1999 Bohn et al., 1999; Bensadoun et al., 2000 , Kirik et al., 2000 Kordower et al., 2000) , and the grafting of engineered neural stem or progenitor cells (Martínez-Serrano and Björklund, 1997) . However, the delivery of glial cell line-derived neurotrophic factor (GDNF), a potent neurotrophic factor for substantia nigra dopaminergic neurons (Lin et al., 1993; Beck et al., 1995; Tomac et al., 1995; Åkerud et al., 1999) , by neural stem cells has not yet been tested as a candidate therapeutic approach to Parkinson's disease.
In the present study, we examine whether NSCs, for their proliferative potential in vitro and their capacity to give rise to regionally specific cell types that integrate in the tissue in which they are grafted in vivo (Snyder et al., 1992; Snyder and Macklis, 1996; Weiss et al., 1996; Martínez-Serrano and Björklund, 1997; McKay, 1997; Gage, 2000) , could constitute an appropriate tool to deliver neurotrophic factors in a mice model of PD. Thus, our study exploits the known activity of neurotrophic molecules and the long-term integration ability of transplanted NSCs to develop a local and stable delivery system of neurotrophic factors for PD. Our approach has been to engineer a stable clone of NSCs (c17.2 cells; Snyder et al., 1992) to release GDNF. Our results show that NSCs expressing GDNF are able to engraft in the lesioned striatum, give rise to neurons, astrocytes, and oligodendrocytes, deliver GDNF for at least 4 months, and prevent the loss of dopaminergic neurons and the behavioral impairment of mice in a model of PD.
MATERIALS AND METHODS
Cell culture. c17.2 NSC s and its derivatives were grown in DM EM supplemented with 10% fetal calf serum, 5% horse serum, 2 mM glutamine, and 20 g /ml gentamicin (all from Life Technologies, Grand Island, N Y) on uncoated 10 cm culture dishes (Falcon, Franklin Lakes, NJ) and passaged as described previously (Snyder et al., 1992) .
Construction of the GDNF-c17.2 cell line. An IRES-bleomycin resistance gene SacI fragment from pIRESbleo (C lontech, Palo Alto, CA) was cloned into the blunted EcoRI site of the pCAGGS expression vector (Niwa et al., 1991) . Then a rat GDN F cDNA was cloned into the EcoRV site of the pCAGGS-IRES-bleo expression vector and used for transfection. c17.2 cells were transfected with the pCAGGS-GDN F-IRES-bleo (pCAGGS-GI B) expression vector or the mock control vector, pCAGGS-IRES-bleo (pCAGGS-I B), using the calcium phosphate -glycerol technique. Transfection, selection, isolation, and amplification of the GDN F-c17.2 or the mock-transfected MT-c17.2 clones were performed as described previously . In brief, the C a-phosphate-DNA precipitate was added to the cells for 8 hr before glycerol shock. Selection with bleomycin started 36 hr after the glycerol shock. T wo weeks later, single colonies were picked, propagated, and characterized for mRNA and protein expression, as described in the following sections. c17.2 derivatives were characterized in the undifferentiated state (in the culture media mentioned above) and, after differentiation in N2 medium [consisting of a 1:1 mixture of F12 and DM EM containing 10 ng /ml insulin, 100 g /ml transferrin, 100 M putrescine, 20 nM progesterone, 30 nM selenium, 6 mg /ml glucose, and 1 mg /ml bovine serum albumin (BSA)], in poly-D-lysine (Sigma, St. L ouis, MO)-coated 10 cm culture dishes.
GDNF ribonuclease protection assay. Assays were performed using the RPA II Ribonuclease Protection Assay kit (Ambion, Austin, TX), following the recommendations of the manufacturer. A 368 bp antisense GDN F cRNA probe was hybridized with 10 g of total RNA extracted from c17.2 cells proliferating, differentiating for 1 week in vitro, or from the striatum, 15 d after grafting. Protected cRNA fragments were separated on a polyacrylamide gel as described previously . The intensity of the labeling was quantified with a phosphoimager MD Storm 840 (Molecular Dynamics, Sunny vale, CA), and GDN F was standardized to the content of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in every sample, as described previously .
GDNF ELISA. The production of GDN F protein was analyzed in c17.2 and GDN F-c17.2 cell lines grown in N2 medium for 12 hr. Conditioned media was collected and analyzed with a GDN F ELISA kit (Promega, Madison, W I) according to the recommendations of the manufacturer. A standard curve of pure GDN F protein provided in the kit was used to quantif y the production of GDN F by the cells.
LacZ PCR . Striata from the grafted brains were dissected out, and DNA was extracted by a deproteinization method as described previously (Laird et al., 1991) and resuspended in 100 l of nuclease-free H 2 O. E xtracted DNA (0.5 l) was mixed with 99.5 l of PCR reaction mixture: 1ϫ PCR buffer (Promega), 4 mM MgC l 2 , 200 M dN TPs, and 1 l of the Lac Z primers. The two Lac Z primers used, Lac-Z560 (5ЈTCC TGAGGCCGATAC TGTCGTC3Ј) and Lac-Z950 (TGCCGC T-CATCCGCCACATATC3Ј), annealed to Lac Z (GenBank accession number L08936) and gave a PCR product of 388 bp. The amplified fragments were separated in a 2% agarose gel and visualized with ethidium bromide.
Surger y and transplantation. Male wild-type or nude CD-1 mice (25-35 gm; Charles River, Uppsala, Sweden) were housed and treated according to the guidelines of the European Community (86/609/ EEC) and the Society for Neuroscience, and all experiments were approved by the local ethical committee. The animals were anesthetized with pentobarbital (60 mg / kg, i.p.). c17.2 and its derivatives (in the proliferative state) were washed twice with serum-free DM EM, detached with a cell lifter (Costar, C ambridge, M A), dissociated with a fire-polished Pasteur pipette, pelleted, and resuspended at a concentration of 250,000 cells/l. A total of 500,000 cells were injected in four locations at the following coordinates (in millimeters) with the incisor bar at Ϫ3: anteroposterior (AP) (bregma), 0.8; lateral (L), 1.8; dorsoventral (DV) (dura), Ϫ2.55 and Ϫ2.75; AP (bregma), 0.3; L, 2.0; DV (dura), Ϫ2.55 and Ϫ2.75. Sixteen days after grafting, some of the mice were reanesthetized and injected with 4 g of 6-hydroxydopamine (6-OH DA) (Sigma) in the striatum, at the following coordinates (in millimeters): AP (bregma), 0.5; L, 1.9; DV, Ϫ2.65; with the incisor bar at Ϫ3.
In some experiments, the cells were prelabeled with either 3 Hthymidine (185 GBq /mmol, 0.25 C i /ml) for 48 hr or DiI (25 g /ml) for 2-4 hr. Both labeling procedures resulted in 100% labeled cells, as assessed by autoradiography or fluorescence microscopy, respectively. As control for lateral transfer of labeling, labeled cells were killed by five to six cycles of freezing and thawing before grafting. Replating of the cells showed no viable cells after freezing and thawing, but when grafted, resulted in multiple labeled cells in and around the graft, suggesting that either labels were transferred to the host brain. Thus, in the present study, all c17.2 cell variants were exclusively traced by immunohistochemistry, in situ hybridization (ISH), and /or PCR to detect the cellautonomous genetic markers in the grafted cells.
Histolog y. Mice were transcardially perf used with ice-cooled 4% paraformaldehyde (PFA). Brains were post-fixed for 0 -2 hr, embedded in 10% sucrose for 24 hr, and frozen on dry ice-cooled isopentane. Serial cryostat sections (14 m thick) through the entire substantia nigra and striatum were obtained every 200 m.
Sections through the striatum were incubated at 4C°overnight with one of the following antibodies in dilution buffer: rabbit anti-␤-galactosidase (␤-Gal), 1:250 (C appell-Worthington, Durham, NC); rabbit anti-glial fibrillary acidic protein (GFAP), 1:500 (Dako, Glostrup, Denmark); mouse anti-C N Pase, 1:250 (Boehringer Mannheim, Mannheim, Germany); mouse anti-NeuN, 1:100 (Chemicon, Temecula, CA); mouse anti-rat 401 (for nestin), 3 g /ml (Developmental Studies Hybridoma Bank, University of Iowa, Iowa C ity, IA); and goat-anti GDN F, 1:20 (R & D Systems, Minneapolis, M N) in dilution buffer (PBS containing 3% BSA and 0.3% Triton X-100). After washing, sections were incubated for 1-3 hr with the appropriate secondary antibodies: a goat anti-rabbit fluorescein isothiocyanate-conjugated antibody, 1:100 (Vector Laboratories, Burlingame, CA); a donkey anti-mouse rhodamine antibody, 1:200 (Jackson ImmunoResearch, West Grove, PA); or a biotinylated rabbit anti-goat IgG, 1:500 (Vector Laboratories), which was detected by incubation with avidin fluorescein isothiocyanate, 1:500 (Vector Laboratories) for 1 hr. ␤-Galactosidase activity was detected by incubation of the tissue in 5-bromo-4-chlore-3-indoyl ␤-D-galactosidase (X-Gal) as described previously (Snyder et al., 1992) .
Sections through the substantia nigra and the striatum of 6-OH DAlesioned animals were processed for tyrosine hydroxylase (TH) immunohistochemistry using a mouse anti-TH antibody (1:1000; Incstar, Stillwater, M N) and donkey anti-mouse rhodamine antibody (1:200; Jackson ImmunoResearch). Neurons through the entire substantia nigra were counted in serial sections, every 200 m, in five to seven animals per experimental group. Neurons showing a clear TH-positive cytoplasm surrounding a nonstained nucleus were counted as positive in blind determinations using a Z eiss (Oberkochen, Germany) Axioplan 2 microscope. TH immunoreactivity was also examined in the striatum. Double immunostainings of striatal sections with ␤-Gal /GFAP or GDN F/ NeuN antibodies were performed sequentially; first, ␤-Gal or GDN F were detected, and then GFAP or NeuN immunohistochemistry was performed. ␤-Gal / NeuN, ␤-Gal /C N Pase, GDN F/GFAP, and GDN F/C N Pase double immunohistochemistry of striatal sections and TH /GDN F double immunohistochemistry in sections through the substantia nigra were performed by simultaneous incubation of the sections with the two primary antibodies first and the two secondary antibodies afterward. The specificity of the stainings was confirmed by comparison of the double stainings with the single stained tissue and by omission of the primary antibody.
The position that oligodendrocytes derived from GDN F-c17.2 and MT-c17.2 cells occupied with respect to C N Pase-positive white matter fiber bundles of the internal capsule was assessed in striatal sections. Only cells showing clear double-labeled GDN F/C N Pase or ␤-Gal /C N Pase somas surrounding unlabeled nuclei at 40ϫ magnification were included in the study. Fifty-five randomly chosen cells in fields adjacent to the graft site were analyzed in each grafted brain, in three animals per condition.
In situ hybridization. For ISH, either PFA-perf used or fresh frozen tissue was used. ISH with 35 S-labeled riboprobes was performed as described previously (Trupp et al., 1997) . In brief, sections were fixed for 15 min in ice-cooled 4% PFA and rinsed three times in PBS. Tissue was deproteinazed in 0.2 M HC l for 10 min, acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine for 20 min, and dehydrated in increasing concentrations of ethanol. Slides were incubated 16 hr in a humidified chamber at 53°C with 10 6 cpm of probe in 200 l of hybridization cocktail. All of the washes were performed at 62°C: first, two washes of 15 min in 1ϫ SSC, 30 min in 50% formamide and 0.5ϫ SSC, and 15 min in 1ϫ SSC; then, 30 min RNaseA treatment (40 g /ml) at 37°C and two washes of 15 min in 1ϫ SSC before dehydration in ethanol and air drying. Slides were first exposed to ␤-Max x-ray film (Amersham Pharmacia Biotech, Buckinghamshire, UK) for 12-20 d. Subsequently, the slides were dipped in N TB-2 photoemulsion (Eastman Kodak, Rochester, N Y) diluted 1:1 in water, exposed at 4°C for 6 -8 weeks, developed with D19 (Eastman Kodak), fixed with AL -4 (Agfa Gevaert, K ista, Sweden), and counterstained with thionin.
Behavioral testing. Behavioral testing was performed 12 d after lesioning. Mice were injected subcutaneously with apomorphine (0.5 mg / kg). Ten minutes after injection, the number of rotations were scored for 5 min, an interval of time that gives a very stable response (Winkler and Weiss, 1996) . One or 2 d later, the mice were assessed for amphetamineinduced turning behavior (Barneoud et al., 1995) . Amphetamine (2.5 mg / kg) was injected intraperitoneally, and the number of rotations was scored for 3 min at 15, 30, and 45 min after injection. The values were expressed as net total numbers of f ull turns.
RESULTS

Engineering and characterization of GDNF expression in NSCs
c17.2 mouse NSCs were transfected with the pCAGGS-GIB expression vector (GDNF-c17.2 cells) ( Fig. 1 A) or the pCAGGS-IB vector (MT-c17.2 cells). c17.2, GDNF-c17.2, and MT-c17.2 clones showed similar morphology, survival, and proliferation rate in the undifferentiated state. Initially, we examined GDNF mRNA expression by ribonuclease protection assay (RPA) in undifferentiated, proliferating individual clones (Fig.  1 B) . To verify stability of transgene expression after differentiation in vitro, the highest GDNF expressor (GDNF-c17.2 cell line) and a randomly chosen mock clone (MT-c17.2 cell line) were subsequently tested for expression of GDNF after culture in serum-free medium for 1 week. RPA analysis of these cells showed persistent high levels of GDNF mRNA expression in the GDNF-c17.2 clone and low levels in the MT-c17.2 clone (Fig.  1C) , suggesting that no downregulation of transgene expression was occurring in vitro. The increased expression of GDNF mRNA did not appear to deleteriously affect the cells, because all GDNF-c17.2 clones analyzed had similar morphologies to parental and MT-c17.2 cell lines after differentiation in N2 media, in the absence of mitogen. To test whether increased levels of mRNA resulted in increased, sustained release of GDNF protein, we quantified the amount of GDNF protein secreted in the media by ELISA. Whereas the parental c17.2 and MT-c17.2 cell lines released Ͻ1 ng of GDNF per 10 6 cells in 1 d, the selected GDNF-c17.2 clone released ϳ100 ng of GDNF per 10 6 cells in 1 d (Fig. 1 D) .
Detection of NSCs after intrastriatal grafting in vivo
Because transplanted NSCs disperse, integrate, and assume local phenotypes among endogenous host cells, reliable tracing becomes a key issue. The parental c17.2 carries a ␤-galactosidase reporter that makes their identification by X-Gal histochemistry or anti-␤-gal immunohistochemistry possible. Whereas MT-c17.2 cells expressed ␤-galactosidase at early (Fig. 2 A) and late (Fig.  3 E, G ) postgrafting time points, we found a downregulation of this reporter in GDNF-c17.2 cells in vivo and no expression was detected from 4.5 d to 4 months after intrastriatal grafting of the GDNF-NSCs (Fig. 3G) . We also found that other c17.2 derivatives downregulated the lacZ transgene at distinct time points after differentiation, suggesting that this phenomenon may be related to the integration site of the new transgene and/or to the Figure 1 . Establishment of a GDNF-overexpressing neural stem cell line. A, Schematic representation of the pCAGGS-GIB expression vector that was used for transfection of the c17.2 cells. A rat GDNF cDNA and a mini-intron IRES-bleo resistance gene fragment were cloned after the ␤-actin promoter and a CMV-immediate early (CMV-IE) enhancer, in the pCAGGS vector. B and C show two representative experiments, in which GDNF mRNA was analyzed by RPA in control and GDNFtransfected cell lines. IVS, Synthetic intron. B, GDNF mRNA expression was determined in the parental c17.2 cell line ( P) and five clones (5, 10, 12, 16, 36 ) transfected with the pCAGGS-GIB construct. Yeast tRNA ( Y) was used as a negative control. Clone 36, the highest expressor, was named GDNF-c17.2 and further characterized. C, GDNF mRNA expression was also examined in proliferating and differentiated (in N2 medium for 1 week) MT-c17.2 control cells ( M ) and the GDNF-c17.2 cells ( G) . Note that the difference in GDNF mRNA expression between the MTc17.2 and the GDNF-c17.2 cell lines is even greater after differentiation than while proliferating. D, ELISA analysis of supernatants from proliferating cells in vitro showed that the control cells (Control; c17.2 or MT-c17.2) released Ͻ1 ng of GDNF per 10 6 cells in 1 d, whereas the GDNF-c17.2 cell line produced ϳ100 ng of GDNF per 10 6 cells in 1 d (n ϭ 3-4; *p Ͻ 0.0001; unpaired Student's t test).
clonal expansion of the cells. However, the presence of grafted GDNF-c17.2 or MT-c17.2 cells could be determined in a reliable manner by PCR against the lacZ cDNA sequences, because those sequences are present in c17.2 cells (Snyder et al., 1992) . As shown in Figure 2 D, that technique allowed us to detect either GDNF-c17.2 or MT-c17.2 cells after grafting. In addition, the presence of GDNF-c17.2 cells in the brain was detected by GDNF immunohistochemistry (Fig. 2C) or RPA (Fig. 2 E) in all animals grafted for up to 2 weeks. Interestingly, anti-GDNF antibodies were only able to detect the high levels of GDNF overexpressed by the GDNF-c17.2 cells (Fig. 3 F, H ) but not the basal levels of expression in MT-c17.2 cells or in the striatum (Fig. 4 A) . Moreover, because none of the MT-c17.2 grafted brains contained cells expressing GDNF mRNA or protein above control or contralateral grafted striata (Fig. 2 B) , our results indicate that grafting of the c17.2 cells does not induce GDNF expression in the host tissue. Thus, combined, our results are consistent with the notion that all cells expressing high levels of GDNF mRNA derive from the GDNF-c17.2 cells and that the GDNF transgene is expressed for at least 2 weeks after grafting at sustained high levels in all animals.
Graft survival after intrastriatal grafting in vivo
We next examined whether GDNF-c17.2 and MT-c17.2 cells, which have a mixed CD-1 and C57BL/6 genetic background (Snyder et al., 1992) , survived for up to 4 months after grafting in .2 grafts on adjacent slides. C, GDNF immunohistochemistry showed many GDNF-positive cells in the GDNF-c17.2 grafts, which also were found migrating away from the graft site at this time point. D, The presence of cells in the grafted striatum was also verified at later time points (1 and 10 months) by PCR against the lacZ vector. Cells could be detected in the GDNF or mock grafted striatum (ϩ) but not in the contralateral striatum (Ϫ). The signal was similar at 1 month (as shown in the Mock Graft) and at 10 months (shown in the GDNF Graft). Proliferating c17.2 cells (c17.2 vitro) were used as positive control, and cells not transfected with lacZ expression vectors were used as negative control. E, Increased levels of GDNF mRNA expression could also be detected by RPA in the striatum 15 d after grafting of the GDNF-c17.2 cells ( G) but not after grafting the MT-c17.2 cells ( M ). The levels of expression of GDNF in the nongrafted striatum (Ϫ) were higher than in the control grafted striatum ( M ) because the MT-c17.2 cells express less GDNF than the intact adult striatum. GDNF expression in the GDNFc17.2 grafted striatum was more than five times higher than in the MT-c17.2 grafted striatum. Yeast tRNA was used as negative control. Values correspond to one representative experiment (n ϭ 2). Scale bar (in A): A-C, 250 m. the adult striatum of CD-1 mice. The brains of animals receiving the allografts were analyzed by immunohistochemistry and/or in situ hybridization after 15 d, 1 month, or 4 months. Fifteen days after grafting, the grafts were present in 100% of the animals receiving either the MT-c17.2 or GDNF-c17.2 grafts, as assessed by ␤-Gal or GDNF immunohistochemistry, respectively (Table  1) . One month after grafting, both cell lines were also detected by ISH (Fig. 3B,D) or immunohistochemistry ( Fig. 3E-H ) in the ipsilateral side. However, only 41.6% (n ϭ 12) of the GDNF-c17.2 grafted brains and 37.5% (n ϭ 8) of the MT-c17.2 grafted brains showed positive cells at this time point (Table 1 ). This percentage of engraftment was similar to that reported previously for c17.2 cells after 6 weeks and suggested to us that engraftment in the adult brain does not depend on clonality or transgene expression but on the time after grafting. Similarly, GDNF-c17.2 cells were identified by PCR against the lacZ cDNA in one animal of three at 1 month and in one animal of four at 10 months after grafting (Fig. 2 D) . In agreement with this, the Figure 4 . GDNF-c17.2 and MT-c17.2 engrafted for at least 4 months, the longest time point analyzed morphologically. A, B, GDNF-c17.2 cells engrafted well in the adult striatum and were detected by GDNF immunohistochemistry in the ipsilateral striatum of all nude mice but not in the contralateral striatum ( A). MT-c17.2 cells showed a similar pattern of engraftment and were readily detected by ␤-Gal immunohistochemistry against the lacZ product (␣-Lac) 4 months after grafting in the ipsilateral striatum ( D) but not in the contralateral side ( C). Scale bar (in A): A-D, 500 m. E, F, At 4 months after grafting, we also found that GDNF-c17.2 cells differentiated and did not express the neural stem cell marker nestin ( F). Instead, nestin was found to be abundantly expressed by most of the grafted cells by 4.5 d (E). Scale bar (in E): E, F, 100 mm.
percentage of animals showing engraftment at 4 months decreased even more to reach 12.5% (n ϭ 8) in animals receiving GDNF-c17.2 cells and to 0% (n ϭ 8) in animals receiving MT-c17.2 grafts (Table 1) . Surprisingly, in the only animal in which cells were detected at 4 months, a full striatal engraftment was identified, suggesting that, although progressive, the cell loss process takes place as an all-or-nothing process with important individual variation. We therefore decided to examine whether the immune response of the host compromised the survival of the grafts and performed grafting experiments in CD-1 nude mice. Our results show that grafting of either GDNF-c17.2 cells (Fig.  4 B) or MT-c17.2 cells (Fig. 4 D) in adult nude CD-1 mice results in the engraftment of cells in 100% of the animals after 4 months (Table 1) , as assessed by GDNF or ␤-Gal immunohistochemistry.
C17.2 NSCs disperse in the adult striatum to integrate, differentiate, and give rise to distinct cell lineages
Morphological analysis of those brains showing engraftment of either MT-c17.2 or GDNF-c17.2 NSCs at 1 month showed that MT-c17.2 and GDNF-c17.2 NSCs dispersed similarly throughout the striatum (Fig. 3 B, E,F ), suggesting that their ability to migrate in the brain is not impaired or enhanced by the expression of the LacZ or GDNF transgenes. Moreover, comparison of both cells at 1 and 4 months, GDNF-c17.2 (Figs. 3B, 4B) and MT-c17.2 (Figs. 3E, 4D), showed that most of the dispersion of the cells takes place within 1 month after grafting. Because cell proliferation is enhanced by v-myc in c17.2 cells in vitro, we extensively examined whether the MT-c17.2 or GDNFc17.2 cells formed brain tumors in vivo. By now, we already grafted Ͼ100 adult animals, including wild-type and nude mice, and we never found brain tumors. On the contrary, consistent with differentiation in vivo, GDNF-c17.2 cells downregulate nestin expression from 4.5 d to 4 months after grafting, as assessed by immunohistochemistry (Fig. 4 E, F ) . Thus, our results indicate that MT-c17.2 and GDNF-c17.2 cells differentiate in vivo as much as parental c17.2 cells do (Snyder et al., 1992) . We next analyzed the phenotype that differentiated GDNF-c17.2 cells adopted after grafting, using double immunohistochemistry with antibodies against GDNF or ␤-Gal and NeuN to identify GDNF-c17.2-or MT-c17.2-derived neurons, GDNF or ␤-Gal and GFAP to identify c17.2 cell-derived astrocytes, and GDNF or ␤-Gal and CNPase to identify GDNF-c17.2-or MT-c17.2-derived oligodendrocytes. One month after grafting, MT-c17.2 cells were detected as ␤-Gal/NeuN double-positive cells (Fig. 5A) , ␤-Gal/GFAP double-positive cells (Fig. 5B) , and ␤-Gal/CNPase doublepositive cells (Fig. 5C ). In contrast, GDNF-c17.2 grafts gave rise to few GDNF/NeuN double-positive neurons (Fig. 5D) , few GDNF/GFAP double-positive astrocytes (Fig. 5E) , and a high proportion (81%) of GDNF/CNPase double-positive oligodendrocytes in animals grafted for 1 month (Fig. 5F, Table 2 ). This result was confirmed in animals grafted for 4 months, indicating that GDNF-c17.2 cells adopt a stable oligodendrocytic fate. Animals showing ␤-Gal-or GDNF-immunoreactive cells in the striatum at the indicated time points were considered as positive. In general, most of the animals showed either a large engraftment (see Figs. 3, 4) or absence of positive cells. The engraftment efficiency of MT-c17.2 or GDNF-c17.2 cells was 100% in nude CD-1 mice (Nude) but declined over time in wild-type mice (WT). , and CNPase (C ), all in red, showed that MT-c17.2 can give rise to all three neuronal lineages in vivo. D-F, Double immunohistochemistry with anti-GDNF antibodies (in green) and antibodies against NeuN (D ), GFAP (E ), and CNPase ( F ), all in red, showed that GDNF-c17.2 can give rise to all three neuronal lineages. Note that most GDNF-c17.2 cells stained with anti-CNPase antibodies, suggesting that they mainly become oligodendrocytes (see Table 2 ). Scale bar (in A): A-F, 25 m.
Moreover, most GDNF-c17.2-derived cells predominantly (75.3%) integrated within the white matter and fibers bundles of the internal capsule that transverses the striatum (Fig. 5F , Table  2 ). Instead, MT-c17.2 cells gave rise to fewer CNPase-positive oligodendrocytes (13.5%), and only 13.6% of the MT-c17.2 cells were found in the white matter. Thus, our results show that GDNF-c17.2 NSCs retain the ability of the parental c17.2 cells to give rise to neurons and astrocytes, but they mainly give rise to oligodendrocytes after grafting in the adult striatum. Moreover, 70% of the GDNF-c17.2 cells gave rise to oligodendrocytes that incorporated in the adequate striatal compartment, that is, the white matter of the internal capsule.
GDNF-expressing NSCs efficiently deliver GDNF to dopaminergic neurons
Next, we examined whether GDNF was efficiently delivered to dopaminergic neurons in the host brain. We first examined by immunohistochemistry the diffusion of GDNF in the host striatum and only found background levels of GDNF immunoreactivity in the striatal neuropil (Fig. 3 F, H ) . However, when the ventral midbrain was examined, we found an increase in GDNF immunoreactivity in the ipsilateral substantia nigra to the striatal GDNF graft (Fig. 6C) . On the contrary, in the ipsilateral substantia nigra to a striatal mock graft, or in the contralateral side to GDNF grafts (Fig. 6 D) , only background levels of GDNF immunoreactivity were detected. Moreover, double TH and GDNF immunohistochemistry clearly showed that GDNF immunoreactivity was contained both in the substantia nigra neuropil and within dopaminergic neurons (Fig. 6 E-G) , suggesting that GDNF was efficiently transported in a retrograde manner by dopaminergic neurons from the striatum to the substantia nigra.
GDNF-expressing NSCs prevent the loss of substantia nigra dopaminergic neurons in a 6-OHDA model of PD
To test the therapeutic potential of the GDNF-c17.2 NSCs, we performed intrastriatal grafts in a 6-OHDA lesion model of PD. A total of 5 ϫ 10 5 GDNF-c17.2 or MT-c17.2 cells were grafted in four deposits in the striatum (Fig. 7A) . Sixteen days later, grafted and nongrafted animals received a single intrastriatal injection of 4 g of 6-OHDA. Thirty days after grafting, we characterized the neuroprotective effect of the GDNF-c17.2 NSCs on substantia nigra dopaminergic neurons. In the group of animals injected with 6-OHDA alone or with 6-OHDA and MT-c17.2, TH immunohistochemistry demonstrated a similar loss of substantia nigra dopaminergic neurons of 61 and 63%, respectively (Fig. 7B-E) , indicating that the NSCs had no survival-promoting effect per se.
In contrast, animals grafted with the GDNF-c17.2 NSCs demonstrated a loss of only 21% of substantia nigra dopaminergic neurons (Fig. 7 B, F ) . Moreover, higher levels of TH immunoreactivity were also detected in the striatum of GDNF-c17.2 grafted animals ( Fig. 8 C) compared with 6-OHDA-lesioned or animals receiving both 6-OHDA and MT-c17.2 grafts (Fig. 8B) . Thus, our results show that dopaminergic neurons of animals grafted with GDNF-c17.2 NSCs are more resistant to 6-OHDA and oxidative stress, a mechanism that has been invoked in the etiopathology of Parkinson's disease (Jenner and Olanow, 1998) . (A, C) or contralateral (B, D) substantia nigra to intrastriatal GDNF-c17.2 grafts were processed for immunohistochemistry with antibodies against TH (A, B) and GDNF (C, D) 1 month after grafting. GDNF immunoreactivity over background level was detected in the ipsilateral substantia nigra but not in the contralateral side. E-G, Double immunohistochemistry for TH (E ) and GDNF (F ) revealed that GDNF was contained within dopaminergic neurons in the substantia nigra pars compacta (G), suggesting that GDNF was retrogradely transported by substantia nigra dopaminergic neurons from the ipsilateral striatum. Scale bars: 
Animals were grafted with either MT-c17.2 or GDNF-c17.2 cells for 1 month. The grafted cells were identified by ␤-Gal or GDNF immunohistochemistry, respectively, and assessed for double labeling with anti-CNPase antibodies. Fifty-five randomly chosen ␤-Gal-or GDNF-positive cells were analyzed per animal in three different brains per condition. Our results show that most MT-c17.2 ␤-Gal-positive cells become CNPase-negative (86.4%) and are found outside of the white matter fiber bundles (81%). Instead, most GDNF-c17.2 cells became CNPase-positive (81%) and are located within white matter fiber bundles (70%).
Intrastriatal grafting of GDNF-expressing NSCs prevents behavioral abnormalities associated with unilateral 6-OHDA lesions
To determine whether the protective effects of the GDNF-c17.2 cells translated into functional improvement, 12 d after lesioning we assayed the grafted animals for apomorphine-induced circling behavior. Animals receiving 6-OHDA plus GDNF-c17.2 grafts showed a 50% reduction in the number of net contralateral turns compared with the group receiving only 6-OHDA, whereas animals receiving the MT-c17.2 grafts plus 6-OHDA lesions did not show any significant reduction compared with the group receiving only 6-OHDA (Fig. 8 D) . The next day, animals were tested for amphetamine-induced circling behavior. Mice receiving 6-OHDA and GDNF-c17.2 grafts showed a 90% reduction in the number of net ipsilateral turns compared with animals receiving 6-OHDA alone, whereas animals receiving the MT-c17.2 grafts and 6-OHDA lesions did not differ from the 6-OHDA group (Fig. 8 E) . Thus, our results are consistent with the prevention of behavioral deficits by GDNF-c17.2 cells in a 6-OHDA model of PD.
DISCUSSION
Our study shows that NSCs constitute very useful tools to deliver transgenes with therapeutic value because they locally disperse after grafting, integrate in the host adult brain, and differentiate into multiple, stable phenotypes. Furthermore, we demonstrate that NSCs can stably release high levels of GDNF for at least 4 months, preventing the degeneration of dopaminergic neurons and motor alterations in a mouse model of PD.
NSCs as a tool to deliver GDNF in the adult brain
One difficulty often encountered when expressing foreign genes in NSCs has been the downregulation of transgenes during cell differentiation (Flax et al., 1998; Benedetti et al., 2000) . However, in the present study, we constructed an expression vector using a previously described ␤-actin promoter with a cytomegalovirus (CMV) enhancer (Niwa et al., 1991) fused to a bicistronic construct with a selectable marker and a mini-intron. The sustained high levels of transgene expression that we achieve in NSCs with this vector suggests that ex vivo gene transfer and grafting of engineered NSCs could constitute a clear alternative to direct gene transfer techniques. The delivery of transgenes by NSCs has the advantages that no genetic modification is introduced in the cells of the host, no viral particles have to be introduced in the nervous system, and it allows further engineering of the cells to introduce extra safety features, such as the expression of genes to allow the selective elimination of the NSCs from the host. Moreover, because NSCs can be expanded in vitro, they can be extensively characterized and standardized to determine their quality and the efficiency and biological activity of the transgene before grafting. One other important issue when considering the grafting of cells in the brain as a source for neuroprotective molecules is their survival. Our results show that both GDNF-NSCs and MT-NSCs engraft in the adult brain with very similar efficiency. In both cases, we found more efficient engraftment in nude mice than in wild-type mice, suggesting that, although allografts can survive in the host brain, they are targeted by the immune system. We are currently characterizing the cellular immune response of the host and studying whether standard immunosuppressive therapies can prevent the immune reaction that takes place between 2 weeks and 4 months after allografting. In the future, as an alternative to immunosuppression, strategies based on grafting of multipotent stem cells isolated from the same individual or from donors with compatible antigens could be developed.
With regard to the properties of NSCs after engraftment in the adult striatum, our results indicate that GDNF-c17.2 NSCs are able to integrate and differentiate into stable neural phenotypes. Importantly, the engraftment and differentiation of GDNF-c17.2 NSCs does not affect their ability to maintain stable levels of biologically active GDNF. Moreover, our results suggest that the high levels of GDNF do not affect to the ability of the NSCs to migrate, integrate, and survive within the striatum but seems to affect the fate of the cells derived from them. In our experiments, the only clear effect attributable to GDNF was the increase in the proportion of CNPase-positive oligodendrocytes derived from the GDNF-c17.2 (81%) compared with the control MT-c17.2 (13.5%) cells. Interestingly, these cells predominantly integrated in the white matter tracts within the striatum, together with host oligodendrocytes, suggesting that GDNF expression in c17.2 NSCs might either favor or promote the differentiation of NSCs into oligodendrocytes.
Neuroprotection by GDNF-NSCs in a model of Parkinson's disease
A multitude of neurotrophic factors have been found to promote the survival or prevent the degeneration of substantia nigra pars compacta dopaminergic neurons. Among them, GDNF is one of the most potent survival factors for these neurons both in vitro and in animal models of PD (Lin et al., 1993; Beck et al., 1995; Boewencamp et al., 1995; Kearns and Gash, 1995; Sauer et al., 1995; Tomac et al., 1995; Gash et al., 1996; Åkerud et al., 1999) . However, GDNF has also proven to be a potent neurotrophic factor for many other populations of neurons, including motor neurons (Henderson et al., 1994; Oppenheim et al., 1995; Yan et al., 1995) and central noradrenergic neurons . Thus, both the potency and the broad spectrum of biological activities of GDNF could make the activation of multiple target cells difficult to prevent. Consistent with this, intracerebroventricular administration of high doses of GDNF has been found to induce adverse effects, including weight loss in rodents (Hoane et al., 1999) and nausea, behavioral disturbances, and weight loss in human patients (Kordower et al., 1999) . Thus, alternative local delivery techniques need to be developed to implement a viable therapy with this molecule. In the last years, several approaches, including the local infusion of GDNF protein (Beck et al., 1995; Boewencamp et al., 1995; Kearns and Gash, 1995; Sauer et al., 1995; Tomac et al., 1995; Gash et al., 1996) , the implantation of polymer-encapsulated cells releasing GDNF (Lindner et al., 1995) , and the viral-mediated GDNF gene transfer (ChoiLundberg et al., 1997; Mandel et al., 1997 Mandel et al., , 1999 Bohn et al., 1999; Bensadoun et al., 2000 , Kirik et al., 2000 Kordower et al., 2000) have been found to exert neuroprotective and/or neuroregenerative effects on dopaminergic neurons in animal models of Parkinson's disease. Neural stem cells have been successfully engineered to deliver other neurotrophic factors and have been proven to be effective in neuroprotective strategies (Martínez-Serrano and Björklund, 1997) , but to our knowledge, the ability of neurotrophic factors released by neural stem cells to prevent the degeneration of adult substantia nigra dopaminergic neurons in a model of Parkinson's disease has not been examined previously. Our results suggest that transplantation of engineered NSCs could be an effective and viable strategy to locally deliver GDNF in the brain, because GDNF-expressing NSCs integrated and differentiated well after grafting, dispersed within, but remained restricted to, the striatum, and maintained GDNF expression for at least 4 months. Moreover, although the dose of cells grafted provided no more than 50 ng/d of GDNF and no accumulation of GDNF was observed in the striatum, we observed retrograde transport of GDNF by substantia nigra dopaminergic neurons and a full biological response to the factor, which resulted in the protection of dopaminergic neurons and the prevention of motor disturbances in the absence of noticeable body weight loss or other adverse effects. Figure 8 . GDNF-c17.2 grafted cells prevented the 6-OHDA-induced reduction of TH staining in the striatum and behavioral abnormalities associated with unilateral 6-OHDA lesions. A-C, TH immunostaining in sections through the intact striatum ( A), the 6-OHDA lesioned and MT-c17.2 grafted striatum ( B), and the 6-OHDA lesioned and GDNFc17.2 grafted striatum ( C). D, Total net apomorphine-induced rotations contralateral to the lesioned side during 5 min at 10 min after administration. *p Ͻ 0.01 versus lesioned substantia nigra as determined by one-way ANOVA (significant effect of treatment, p Ͻ 0.03; F (2,15) ϭ 4.564). E, Total net amphetamine-induced rotations ipsilateral to the lesioned side during 3 min at 15, 30, and 45 min after administration. **p Ͻ 0.01 versus lesioned substantia nigra grafted or not with the MT-c17.2 cell line as determined by one-way ANOVA (significant effect of treatment, p Ͻ 0.006; F (2,14) ϭ 7.549). Scale bar (in A): A-C, 1 mm.
It is important to note that, in the intrastriatal 6-OHDA model that we performed, the degeneration of dopaminergic neurons starts by the terminals and after 2 weeks yields a 60% loss of dopaminergic neurons and a behavioral deficit, as assessed in the apomorphine-and amphetamine-induced rotation tests. This model would correspond in humans to an early-stage PD characterized by a predominant loss of dopaminergic terminals in the striatum, a 50% cell loss in the substantia nigra, and initial motor symptoms (Fearnley and Lees, 1991) . In this model, we found increased survival of nigral dopaminergic neurons and improved behavioral performance in animals lesioned with 6-OHDA and grafted with the GDNF-NSCs, which is consistent with a neuroprotective action of GDNF. This result differs form other studies exploring the regenerative properties of GDNF, in that the improvement of the motor performance takes place at later stages, when axons regenerate in response to GDNF (Bensadoun et al., 2000; Kirik et al., 2000) . Thus, our results show that administration of GDNF by GDNF-c17.2 cells efficiently prevents the retrograde degeneration of dopaminergic axons, the loss of dopaminergic neurons, and the early motor deficits associated to them.
In conclusion, the experiments presented here demonstrate that NSCs can be efficiently engineered to deliver therapeutic levels of transgenes to target tissues for at least 4 months in vivo. Moreover, NSCs engineered to deliver GDNF were found to prevent the degeneration of dopaminergic neurons and the behavioral impairment in a model of PD. In such a way, our results demonstrate that GDNF-NSCs are particularly effective at protecting dopamine neurons in a model of PD and suggest that strategies based on the local delivery of neurotrophic factors by NSCs may find an application in the treatment of Parkinson's disease.
